We demonstrate quantum information can be transferred between two distant participants without any physical particles travelling between them. The key procedure of the counterfactual scheme is to entangle two nonlocal qubits with each other without interaction, so the scheme can also be used to generate nonlocal entanglement counterfactually. We here illustrate the scheme by using flying photon qubits and stationary electron-spin qubits assisted by quantum dots inside double-sided optical microcavities. Unlike the typical teleportation, the present scheme does not require prior entanglement sharing or classical communication between the two distant participants.
quantum state can be teleported to a distant receiver with the help of prior entanglement sharing and classical communication [2] . That scheme, called quantum teleportation, has opened the door for the intense study of quantum communication [3] [4] [5] . Another strategy for transferring an unknown quantum state to a distant location can be achieved by using a flying qubit to interact with two spatially separated stationary qubits [6] [7] [8] . Note that these kinds of quantum information transfer scheme require the particles carrying information (classical bits or qubits) to travel between the separated participants.
On the other hand, counterfactual quantum information processing has been attracting more and more scientists' attention in recent years. The counterfactuality means relevant quantum information tasks can be achieved without physical particles travelling between two parties. The research in this aspect originated from the interaction-free measurements proposed by Elitzur and Vaidman in 1993 [9] , whose basic idea was that an obstructing object in one of the arms of the Mach-Zehnder interferometer could destroy the interference even if no photon was absorbed by the object. Thus, one can ascertain the existence of the object in the given arm of the interferometer with the maximum attainable efficiency 50%, though no photon "touched" this object. In 1995, Kwiat et al. improved the interaction-free measurements [10] and the probability of an interaction-free measurement could be made arbitrarily close to 100% by applying a discrete form of the quantum Zeno effect [11] , which refers to one coherently repeats the interrogation of the region that might contain the object.
Using a novel "chained" version of the quantum Zeno effect, Hosten et al. demonstrated counterfactual quantum computation and implemented Grover's search algorithm [12] with boosting the counterfactual inference probability to unity. In 2009, Noh proposed a counterfactual quantum key distribution (CQKD) scheme based on quantum interrogation [13] , where the secret information could be distributed in a secure way between two remote parties even though no particle transmitted through the quantum channel. Subsequently, the unconditional security of the CQKD was proved in an ideal situation [14] , and this CQKD scheme was realized experimentally [15] . Very recently, Salih et al. presented a direct counterfactual quantum communication protocol [16] , in the ideal asymptotic limit, which allowed a classical bit to be transferred from the sender to the receiver without any particles travelling between them by using the "chained" quantum Zeno effect. And this work has also attracted much attention [17, 18] .
We note that, in all counterfactual schemes above, the presence or absence of the ob-structing object in one of the arms of the interferometer was classically controlled by the experimenter. In this paper, we examine what happens if we replace the classical control with a quantum control device. The results show that when let the obstructing object be in an unknown quantum superposition state of presence and absence, it can be counterfactually transferred to a distant place, which extremely differs from the typical teleportation protocol. It may be more intuitive to explain the principle of our scheme by using the chained Mach-Zehnder type interferometer similarly to Ref. [16] . However, considering the effectiveness of resources and the experimental feasibility, we will elaborate the scheme with nested Michelson-type interferometer. In principle, as long as the quantum control device can be implemented, our scheme is universal for many physical systems of quantum information processing such as trapped ion systems, superconducting quantum systems, and so on. In order to illustrate the scheme in detail, here we take the quantum dot (QD) double-sided optical microcavity system for example, in which the interaction between flying photon qubits and stationary electron-spin qubits has been well studied in solid-state quantum computation and communication [19] [20] [21] .
The paper is organized as follows. In Sec. II, we briefly introduce the construction of a spin-cavity unit and construct a quantum control device using the unit. In Sec. III, we illustrate how to implement the transfer of quantum information between two distant participants without any physical particles travelling between them. In Sec. IV, we numerically analyze and discuss the effect of imperfections of the experimental conditions for the present scheme. A conclusion is given in Sec. V.
II. QUANTUM CONTROL DEVICE IMPLEMENTED BY A SINGLY CHARGED QD IN A DOUBLE-SIDED MICROCAVITY
Now, we discuss how to control the blocking or passing of photons by a quantum state, which is equivalent to placing the obstructing object of the previous counterfactual schemes in a quantum superposition state of presence and absence. We implement the quantum control device by QD-microcavity system. Consider a system consisting of a singly charged self-assembled GaAs/InAs QD being embedded in an optical resonant double-sided microcavity, which proposed by Hu et al. [19] and recognized by Bonato et al. [20] recently. The charged exciton X − , produced by the optical excitation of the system, consists of two elec-trons bound in one hole. The four relevant electronic levels are shown in Fig. 1 (a ) and +
), respectively. The two electrons in the exciton are in a singlet state, which means the two electrons have total spin zero, thus, the electron-spin interactions with the heavy hole spin are avoided. The excess electron spin in the QD interacts with the cavity mode through the addition of a charged exciton. According to the optical selection rules and the transmission and reflection rules of the cavity for an incident circular polarization photon, the interactions between photons and electrons in the QD-microcavity coupled system can be described as follows [20] :
where |R and |L denote the right-circularly polarized photon state and the left-circularly polarized photon state, respectively, and the superscript uparrow (downarrow) denotes the propagating direction of polarized photon along (against) the z axis.
From Eq. (1), we can see that, for an incident photon with spin
if the electron is in the state | ↑ , the photon will couple with the electron and be reflected by the cavity. Then the photon state is transformed into the state |L ↓ or |R ↑ , respectively, that is, both the photon's polarization and the propagation direction are flipped. On the other hand, if the electron is in the state | ↓ , there is no dipole interaction and the photon is transmitted through the cavity and acquires a π mod 2π phase shift relative to a reflected photon. Similarly, a photon with spin s z = −1 (|R ↓ or |L ↑ ) will be reflected when the electron-spin state is | ↓ and will be transmitted through the cavity when the electron-spin state is | ↑ .
Using the above transmission and reflection rules of the photon-QD-microcavity system, we can construct a quantized obstructing object, i.e. the passing or blocking of the incident photon is controlled by an unknown quantum state rather than the experimenter. Take the right-circularly polarized photon state |R for example, the quantum device is shown in Fig. 1(b) . The electron in a QD is initially in an arbitrary superposition state |ϕ = α| ↑ + β| ↓ . Let a right-circularly polarized photon first passe through a polarizing beam splitter in the circular basis (c-PBS), which transmits the right circularly polarized photon and reflects the left circularly polarized photon. So the photon will enter into the cavity along the z axis. According to Eq. (1), if the electron is in the state | ↑ , the photon will couple with the QD, then be reflected by the cavity and become left-circularly polarized photon simultaneously. So after reflected by c-PBS, the photon will be absorbed by the detector D.
While, if the electron is in the state | ↓ , the photon will pass through the cavity. In short, the right-circularly polarized photon will be absorbed for electron state | ↑ , and it will pass through the cavity for electron state | ↓ . Therefore, the shaded area in Fig. 1(b) works as the quantum version of the obstructing object only for right-circularly polarized photons, and the blocking or passing of the photon depends on the electron's quantum state, which is equivalent to that the obstructing object is in the superposition of presence and absence. 
III. THE SCHEME OF COUNTERFACTUAL UNKNOWN QUANTUM STATE TRANSFER
We will show the counterfactual quantum state transfer with a nested Michelson-type interferometer and QD-microcavity unit in this section. The nested Michelson-type interferometer is constructed by embedding a Michelson-type interferometer into one of the arms of another interferometer.
A. Partially counterfactual nonlocal entangled state generation
Before discussing the counterfactual quantum information transfer, it is necessary to introduce a method to generate nonlocal polarization-spin entangled state by repeatedly using a Michelson-type interferometer with a QD-microcavity inserted in one of the arms, which is used as the inner interferometer in the following quantum state transfer scheme.
The setup is shown in Fig. 2 , where SM indicates the switchable mirror that can be switched on and off by external means, and M is normal mirror. The two optical paths SM→ M 1 and SM→ M 3 form a Michelson-type interferometer. Optical delay (OD) is used to match the optical path lengthes of the different paths of the interferometer. The light source in Alice's site emits left circularly polarized photons |L , and the excess electron in Bob's QD is in an arbitrary state α| ↑ + β| ↓ . Initially, the SM is switched off, i.e. allowing the photon to be transmitted. Once the photon enters in the interferometer, the SM is switched on (reflects the photon) and remains on during the photon travels N cycles in the interferometer. So after the photon enters into the interferometer, it is firstly rotated an angle θ by the switchable polarization rotator (SPR), whose action is given by the transformation |L → cos θ|L + sin θ|R and |R → cos θ|R − sin θ|L . The state of the polarization-spin hybrid system becomes
Then the photon passes through a c-PBS. Thus, the |L component of the photon will be propagated to the normal mirror M 1 and stays in Alice's site, and the |R component of the photon will be propagated to Bob's site and injected into the optical microcavity to interact with the QD spin. We can see that only the right circularly polarized photon can be injected into the microcavity along the z axis of the QD-microcavity, i.e. only the
(1) may occur in the present scheme. So in the following the superscript arrows of the photon state are omitted. After the interaction, the state of the system evolves as
It can be seen the |L component produced by interaction in Bob's site will be reflected by c-PBS 2 and absorbed by the detector D, and the |R component will come back to the SM in Alice's site by optical elements. The phase shifter (PS) in Bob's site provides a π phase shift for the right circularly polarized photon state, |R → −|R . Therefore, when the detector does not click and the photon comes back to the SM, i.e. after the first cycle of the photon travelling in the interferometer, the state is given by
Note that the above state is not normalized, because the |L component in Bob's site is absorbed by the detector and the component α sin θ|L | ↑ in Eq (3) is ignored here. In the same way, after N cycles, the SM is switched off to allow the photon to be transmitted and exit from the output port, and the system state becomes
Let θ = π/2N, the final state is
which is a non-maximal polarization-spin hybrid entangled state. The probability of obtaining the entangled state is |α| 2 cos 2N (π/2N) + |β| 2 . Obviously, for the large cycles N, the probability will be close to unit and the state will be normalized, |ϕ N ∼ α|L | ↑ + β|R | ↓ , and for α = β = 1/ √ 2, the nonlocal maximal entangled state can be obtained. The present protocol may not be the optimal scheme for the nonlocal entangled state preparation, however, it is worth noting that the present scheme is partially counterfactual. During the process of the entangled-state generation, although the photon passes through the transmission channel between Alice and Bob, the photon doesn't interact with Bob's electron at all. From the discussions above, once the photon interacts with the electron, it will be reflected by the cavity and be absorbed by the detector. Therefore, this is an interaction-free scheme for nonlocal entangled state generation. In the following, we will show completely counterfactual entangled state generation and quantum state transfer without any particles travelling in the transmission channel. switched off initially (transmits photons), and after the photon enters into the interferometer, the SM 1 remains on (reflects the photon) until the photon finishes the Mth cycle in the outer interferometer. The SPR 1 performs the transformations |L → cos ϑ|L + sin ϑ|R and |R → cos ϑ|R − sin ϑ|L (ϑ = π/2M), and the joint state of the photon and the electron becomes
Because of the c-PBS 1 , the |R component of the state will be transmitted, while the |L component will be reflected and injected into the inner interferometer for going through the N inner cycles. The evolution of the second term of Eq. (7) in the inner interferometer is the same as the above subsection. After the N cycles in the inner interferometer, the system state is given by
When the photon comes back from the inner interferometer and M 1 , the |R component coming from the inner interferometer will be absorbed by the detector D 1 . So at the end of the first cycle in the outer interferometer, the state can be written as
Both Eq. (8) and Eq. (9) are not normalized, because the components absorbed by the detectors D 1 and D 2 can't reach the SMs and be ignored. Through calculation we know when the photon finishes the mth (2 ≤ m ≤ M) outer cycle, the system state can be written as
where the parameters x m , y m , and z m satisfy the recursion relations 
So far, the nonlocal entangled state generation is achieved. Obviously, during the whole process, the probability that the photon travels the channel is nearly suppressed to 0 by repeatedly using the nested Michelson interferometer. In other words, as long as the photon passes through the channel, it will be absorbed by either D 1 or D 2 on the way back from Bob to Alice. So this is a counterfactual scheme with no photon passing through the transmission channel.
It's straightway to achieve the quantum state transfer, once the entangled state in Eq. (12) is | ↓ → (| ↑ − | ↓ )/ √ 2} on the electron state, which can be implemented by using a π/2 microwave or optical pulse [22] [23] [24] , then the state is given by
Then Bob detects the spin in the basis {| ↑ , | ↓ }. If the detection result isn't informed Alice by classical communication, Alice can obtain the teleported state with the probability of 50%, however, if the detection result is sent to Alice, she will perfectly obtain the transferred state with the help of a single-qubit phase flip gate.
It has been shown that a quantum state (or qubit) can be transferred without exchanging particle between the two participants. Compared with the typical quantum teleportation, the present scheme doesn't require prior entanglement sharing or even classical communication. Even if Alice wants to obtain the quantum information deterministically, Bob only needs to send one bit information to Alice for the transfer of one qubit, on the contrary, two bits classical communication is required in the one-qubit teleportation procedure [2] . Moreover, while the quantum state is transferred to the photon, the initial state of the electron is destroyed by Bob's detection, which makes the scheme avoid to violate the quantum nocloning theorem. On the other hand, during the state transfer process, although the photon does not travel to Bob's site, the optical path length it travels is near 2MN times that of the distance between Alice and Bob, so the scheme here cannot realize the superluminal communication. Therefore, the present scheme achieves the quantum counterfactuality without contradicting any existing physical law. 
IV. ANALYSIS AND DISCUSSION
Now we analyze and discuss the performance of the quantum information transfer. Obviously, this scheme can be accomplished with the probability close to 100% under the ideal conditions. However, considering the practical experimental implementation of the present scheme, the performance must be affected by the imperfections of the system. First, the scheme requires high-precision switchable polarization rotators SPR 1 and SPR 2 to rotate a single photon state by angles ϑ = π/(2M) and θ = π/(2N) respectively, which however are bound to be introduced a slight error in the practical situations. As defined in Ref. [16] , we suppose the error coefficient of the SPR 1(2) is s 1 (2) , which indicates the photon state is rotated with an additional angle ∆ϑ = s 1 ϑ/M (∆θ = s 2 θ/N) after each outer (inner) cycle. Other crucial influence factors come from the spin-cavity system that is the key com-ponent in the present scheme. It seems that the performance of the spin-cavity unit does not affect the counterfactual quantum state transfer scheme since no photon passes through transmission channel to interact with the quantum dot during the whole process. However, the spin-cavity system can affect the scheme through influencing the efficiency of the inner interferometer. Therefore, we can estimate the effect coming from the performance of the spin-cavity system by analyzing the successful probability of the partially counterfactual entangled state generation in Sec. III(A). The reflection and transmission coefficients of coupled and the uncoupled cavities are generally different when the side leakage and the cavity loss are not negligible, which has been illustrated in the Ref. [21] . Under the assumption of weak excitation limit, the reflection and transmission coefficients of a double-sided optical microcavity are described by [19, 21] 
where g is the coupling strength between X − and the cavity field; ω, ω c , and ω X − are respectively the frequencies of the input photon, the cavity field, and the X − transition; κ, κ s , and γ are the cavity field decay rate, the side leakage rate, and the X − dipole decay rate, respectively. For the case that the QD does not interact with the input photon, i.e. g = 0,
under the resonant interaction condition ω c = ω X − = ω 0 , the reflection and transmission coefficients become
Therefore, considering the side leakage and the cavity loss, the rules of optical transitions in a realistic X − -cavity system used in this paper become [19] [20] [21] 
Using above transition rules, we can calculate the probability of generating the entangled state in Eq. (6) under the presence of side leakage and cavity loss. In order to illuminate the effect of the spin-cavity system, we plot the probability of entangled state generation versus the side leakage rate κ s /κ and the normalized coupling strength g/κ by means of numerical simulation in the case of ω 0 = ω and N = 300, as shown in Fig. 6 , which indicates that the present scheme is especially sensitive to the side leakage rate but the effect of the coupling strength is negligible. The numerical result is not difficult to understand by reviewing the partially counterfactual entangled state generation process, in which the photon passes through N cycles (here N = 300) in the inner interferometer but does not interact with the electron in the QD. It is clear that the scheme requires optical cavity with extremely high quality factor, for example, the probability only equals 0.63 for κ s = 0.01κ and g = 3κ, which is a strong challenge for side leakage in experiments [25] . Fortunately, the improvement of fabrication techniques can suppress the side leakage [26] . When the side leakage can be neglected compared with the main cavity decay, i.e. κ s ≪ κ, the probability will approach unity.
In addition, the electron spin qubit used in the present scheme and its fast initialization have been demonstrated [27] , and the photon qubit can be produced with the well-known spontaneous parametric down-conversion [28, 29] . However, the background noise will be produced during the process of photons' generation, transmission, and detection, which is larger than the single photon signal. In order to accomplish the scheme successfully, the experiment should be performed under the condition with high signal-noise ratio. Some recent works [30, 31] have demonstrated the unwanted background photons can be efficiently reduced in the parametric down-conversion process by using the optical shutter controlled by a simple field programable gate array. The background noise can also be suppressed by optimizing the detuning between the frequencies of the pump and photon pairs and cooling the nonlinear fiber [31] . We also note that the two detectors in our scheme are only used to absorb the photon passed through the transmission channel, therefore, if the scheme is completed successfully, it means the detectors detected no photon in the whole process. In this sense, the sensitivity and dark counts of the detectors do not influence the efficiency of the scheme, and the detectors can even be replaced with other absorption objects.
From the discussion and analysis above, the present scheme is implementable in principle, but there may be some challenges for current experiment conditions in practice. Nevertheless, compared with the experimental difficulties and the practical applications of the present scheme, perhaps the mind-boggling and highly counter-intuitive fact of transferring quantum information without transferring any particles is more worthy to pay attention, and the deeper physical mechanism behind the counterfactual protocol may be more interesting. Very recently, Vaidman et al. [32] reported a series of interesting works about the past of photons passing through a nested Mach-Zehnder interferometer. Based on the locality of physical interactions, they proposed a method to analyze the past of a photon via the weak trace it leaves, which can be explained in the two-state vector formulation (TSVF) of quantum mechanics [33] . The results showed that the past of photons can't be represented by continuous trajectories and should be described by both forward-and backward-evolving quantum states. That means a photon may be in every place between its emission and detection points. These works maybe provide a line of thinking for explaining the counterfactuality of the present scheme, i.e. considering photons as delocalized waves with discontinuous trajectories in the interferometer, i.e. considering photons as delocalized waves with discontinuous trajectories in the interferometer. On the other hand, perhaps the present counterfactual scheme can also provide evidence for the viewpoint in Ref. [32] . This issue is interesting, and is worth studying further in the future.
V. CONCLUSIONS
In conclusion, we have proposed a counterfactual scheme for transferring an unknown quantum state. The scheme indicated that a qubit can be teleported to a distant place without any physical particles travelling between them. The present scheme does not require prior entanglement sharing and classical communication between the two distant participants, so it essentially differs from the typical teleportation. In addition, it is necessary to entangle two nonlocal qubits without interaction during the process of the quantum state transfer, thus the scheme can also be used to generate nonlocal entanglement counterfactually. We also numerically estimated the effect of the imperfections of the experiment system, which indicated our scheme required optical microcavity with high quality factor.
